INTRODUCTION
============

The position and integrity of nucleosomes in the genome are important for normal cellular functions, cell differentiation, aging, and cancer development ([@R1]). The processive enzymes involved in DNA replication and transcription often alter the nucleosome positioning and chromatin structure ([@R2]--[@R7]), raising a question about the mechanisms that guarantee the maintenance of genomic patterns of histone modifications during these processes. It has been observed that nucleosomes are assembled immediately behind the replication fork ([@R8]). Parental nucleosomes are preserved and randomly distributed to both daughter DNA helices after replication of the SV40 viral chromatin ([@R9], [@R10]). A recent study in budding yeast showed that most of the parental histones after replication are localized within 400 base pairs (bp) from their original locations ([@R11]). Parental histones are detected in both daughter cells and randomly segregated to both arms of the fork in bulk genome ([@R12]--[@R14]). The majority of parental (H3-H4)~2~ tetramers are segregated together to the same daughter DNA, whereas a fraction of tetramers containing histone variants split during replication ([@R15], [@R16]). Thus, most of the parental histones are distributed to both daughter cells and remain near their original positions on the DNA. However, studying the detailed mechanism of histone survival on DNA during replication is extremely difficult because of the absence of a highly purified and efficient experimental system that faithfully recapitulates chromatin replication in vitro.

In the only study using a highly purified bacteriophage T4 replisome system and a plasmid template that has randomly positioned nucleosomes, it has been shown that nucleosomes slow down the replisome, survive replication, and most often segregate to the leading strand ([@R17]). However, the lack of precise nucleosome positioning and the presence of an excess of histone-free DNA during replication allowed only a limited analysis of the mechanism of chromatin replication.

Here, we have established a highly purified, tractable in vitro system to study the detailed mechanism of replication through a single positioned nucleosome by the T7 replisome ([@R18]). This system recapitulates the ability of nucleosomes to survive DNA replication and remain bound near the original DNA regions observed in vivo. Analysis of the strong nucleosomal barrier to DNA replication using quantitative, time-resolved approaches revealed a previously unpublished mechanism of replication through chromatin that involves nucleosome survival and a new role for the exonuclease activity in overcoming the nucleosomal barrier.

RESULTS
=======

Development of an experimental approach for analysis of replication through chromatin in vitro
----------------------------------------------------------------------------------------------

The goal of this work is to investigate the detailed mechanism of T7 polymerase--helicase traversal through a nucleosome. The efficiency of an available purified eukaryotic replication system is not sufficient for direct analysis of the effect of replication on a chromatin structure \[only \~10% of the templates are replicated by the most efficient purified eukaryotic (yeast) replisome in vitro\] ([@R19]). Therefore, one of the best-characterized prokaryotic replication systems (T7 replisome) progressing through a single, precisely positioned nucleosome in vitro was used. There is substantial conservation of the replisome components, including helicase, primase, and polymerase, between prokaryotes and eukaryotes. One important difference between the eukaryotic and prokaryotic replisome is in the helicase. Replicative eukaryotic helicases (MCM2-7 ring) encircle the leading strand, and replicative prokaryotic helicases encircle the lagging strand. However, it was suggested that active CMG (cdc45, Mcm2-7, and GINS) may also encircle the lagging strand ([@R20], [@R21]). Thus, the forefront of the replication fork structure appears to be conserved ([@R22], [@R23]). On the other hand, because our system is prokaryotic and completely defined, it reveals chromatin properties that are inherent to nucleosomes themselves.

It is relatively easy to set up a highly active T7 replisome system from purified proteins in comparison to other replisomes ([@R24]), and it has many advantages: (i) an intact, functional replisome is efficiently formed using a minimal set of proteins; (ii) the proteins are well characterized biochemically, and the high-resolution structures are available ([@R25]--[@R27]); (iii) the T7 replisome is fast, processive, faithful, and stable, thus recapitulating many properties of eukaryotic replication; and (iv) detailed ensemble and single-molecule studies of DNA replication were conducted in the past ([@R18], [@R24]--[@R28]).

The T7 replisome is composed of a DNA polymerase T7 gp5 (DNAP), a processivity factor \[*Escherichia coli* thioredoxin (trx)\], and a helicase/primase (T7 gp4). T7 gp5 is an 80-kDa protein containing a 5′-3′ polymerization activity and a 3′-5′ proofreading exonuclease activity, similar to eukaryotic polymerases. T7 gp5 (DNAP) interacts with *E. coli* trx, which increases the processivity of DNA synthesis more than 100-fold ([@R18]). The exonuclease activity efficiently removes misincorporated bases and increases the fidelity of DNA synthesis during replication. Disruption of the exonuclease activity of T7 DNAP (T7 DNAP/exo^−^) does not affect its polymerization activity on DNA and the stability of the replication complex ([@R29]). The helicase T7 gp4 contains primase and helicase activities. It forms a hexamer complex and moves in a 5′-3′ direction on the lagging DNA strand, helping to melt the double-stranded DNA (dsDNA) template in a 3′-deoxythymidine 5′-triphosphate hydrolysis--dependent reaction ([@R30], [@R31]). Helicase T7 gp4 hexamer can form a stable and active complex with T7 DNAP that is involved in the initiation and elongation of replication ([@R32]).

Precisely positioned mononucleosomes have been extensively used to study the mechanisms of various processes involving processive enzymes, such as mechanisms of transcription through chromatin ([@R33]--[@R35]). Nucleosomes formed on strong positioning and natural sequences behave similarly in different transcriptional assays ([@R36], [@R37]). This system has several advantages: (i) the nucleosome is located at a unique, known position of the DNA template and is structurally homogeneous; (ii) the high-resolution structure of a positioned nucleosome was solved ([@R38]); (iii) many methods are available for the analysis of the process and outcome of replication through the nucleosome, including time-resolved, structural, and single-molecule techniques ([@R24], [@R32]); and (iv) the nucleosome composed of modified histones, different histone variants, or subnucleosomes can be easily assembled and studied.

To obtain a DNA template that supports mononucleosome assembly and replication by the T7 replisome, we ligated a synthetic preformed DNA replication fork to a long duplex DNA template or to a positioned nucleosome ([Fig. 1A](#F1){ref-type="fig"}). Next, a 5′-end, ^32^P--labeled 24-mer DNA primer is annealed to the fork. The replisome is then assembled by the addition of T7 DNAP and T7 helicase in the replication buffer containing deoxynucleotide triphosphates (dNTPs). The reaction is activated by the addition of magnesium ions and then quenched by chelating EDTA after different time intervals of DNA synthesis. The 5′-end--labeled DNA products synthesized from the leading strand replication are analyzed by denaturing or native polyacrylamide gel electrophoresis (PAGE).

![Nucleosomes cause strong pausing of the T7 replisome.\
(**A**) Experimental approach for analysis of replication through chromatin. Each template contains the fork DNA structure, linker DNA, and the strong 603 NPS. The fork DNA structure (in blue) is ligated to the nucleosomal template (gray oval). After ligation, the P^32^-end--labeled 24-mer DNA primer (red arrow) is annealed to the template DNA strand. Next, DNAP, which was preassembled with *E*. *coli* trx and T7 helicase (red ring), is added to the reaction and forms a replisome in the presence of all dNTPs. The reaction is then activated by the addition of Mg^++^. Replication products are analyzed by denaturing or native PAGE. (**B**) Analysis of labeled products after replication of 603 DNA (histone-free or organized in a nucleosome) for different time intervals (0, 2, 5, 10, 30, 60, 120, 240, and 480 s) by denaturing PAGE. The locations of the nucleosome (oval), the nucleosome dyad (square), the PBS (blue line), and the runoff transcript and nucleosome-specific pausing (black dashed line) are shown. T, DNA template only; 0, reaction before addition of Mg^++^. Note that the nucleosomal pausing regions +(31--40) and +(41--65) are indicated by green and red dashed lines, respectively. Markers are pBR322 DNA--Msp I digest marker (New England Biolabs). The sizes of marker DNA fragments are indicated on the left side.](1601865-F1){#F1}

A replisome encounters a strong, DNA sequence--dependent nucleosomal barrier
----------------------------------------------------------------------------

The replisome efficiently and processively replicated the histone-free 307-bp replication fork--containing DNA: the reaction was completed on 65 to 75% of starting templates within 5 s ([Fig. 1B](#F1){ref-type="fig"}). The fraction of templates completed was calculated as a fraction of the total signal present in the lane and corresponding to the replication of nucleosomal DNA. This high efficiency of replication can be achieved only by the intact replisome complex (RC) because DNAP without helicase failed to reach the nucleosome positioning sequence (NPS) region of the DNA template with or without the nucleosome (fig. S1). The nucleosome assembled on the 603 NPS forms a strong barrier to the replisome: the reaction was nearly completed after 4 min and only on 22% of the templates ([Fig. 1B](#F1){ref-type="fig"}). Strong nucleosome-specific pausing was detected at multiple positions in the nucleosome, especially at the +(41--65) DNA region (41 to 65 bp from the nucleosome boundary; [Fig. 1B](#F1){ref-type="fig"}), where the replisome was arrested on \~30% of the templates. Only minimal replisome pausing was detected after the +59 region, indicating that histones were either displaced from or translocated along the DNA after the replisome proceeded past this region.

A similar nucleosomal pausing has been observed during transcription through the nucleosome by various RNA polymerases, where two mechanisms of progression through chromatin have been described \[Pol II-- and Pol III--type, respectively ([@R6], [@R39])\]. The Pol II--type mechanism of transcription through chromatin is characterized by a high nucleosomal barrier to transcription and by displacement of a single histone H2A/H2B dimer ([@R36], [@R37]). The remaining subnucleosome (DNA-bound histone hexamer) remains at the original position on the DNA. A considerably different, Pol III--type mechanism involves transfer of a complete histone octamer from in front of the transcribing enzyme to behind it ([@R40], [@R41]). Because of the difference in the mechanisms of progression through chromatin, nucleosomes formed on different NPSs, such as 601 and 603 NPSs with different locations ([Fig. 1B](#F1){ref-type="fig"} and fig. S2) of the polar barrier sequences (PBS), which dictate the high affinity of nucleosomal DNA to core histones ([@R33]), are characterized by different pausing patterns, characteristic of the Pol II-- and Pol III--type mechanisms, respectively ([@R35], [@R36]). In particular, 601 nucleosomes with the PBS sequence in promoter-distal location present a high barrier only to Pol II ([@R35], [@R36]).

To determine the type of the nucleosome pausing mechanism used during DNA replication, we replicated the nucleosomes formed on the 601 NPS (fig. S2). The replisome progressed on the 601 histone-free DNA as efficiently as on the 603 template (fig. S2). However, the +59 nucleosomal pausing was considerably stronger on the 601 nucleosome than on the 603 nucleosome, resulting in only less than 5% of the replisomes overcoming the 601 nucleosomal barrier (fig. S2). A similar discrimination between the 601 and 603 nucleosomes was observed in the case of the Pol II--type but not the Pol III--type mechanism of transcription ([@R36]). Thus, the data suggest that a mechanism similar to the Pol II--type mechanism of transcription through chromatin is used during DNA replication.

In summary, nucleosomes present a strong, DNA sequence--dependent barrier for moving the replisome. The sequence dependence of the nucleosomal barrier indicates that the replisome and RNA polymerase II use similar mechanisms of progression through chromatin. Because the Pol II--type mechanism is characterized by nucleosome survival at the original position on the DNA, a similar mechanism likely operates during progression of the replisome.

Exonuclease activity of DNAP facilitates the overcoming of the nucleosomal barrier to replication
-------------------------------------------------------------------------------------------------

In eukaryotic cells, both the leading strand and lagging strand replicative DNA polymerases (Pol δ and Pol ε) have exonuclease activities that affect replication fidelity; the corresponding loss-of-function mutations are involved in carcinogenesis ([@R42]). T7 DNAP also contains the 3′-5′ exonuclease domain localized at the N terminus of the protein ([@R25], [@R29]). Mutant polymerase, exo^−^ T7 DNAP does not have exonuclease activity because of D5A and E7A mutations ([@R29]). The mutant (exo^−^) and wild-type (exo^+^) DNA polymerases replicate DNA at similar rates and have similar activities in the replisome assembly and initiation of replication ([@R29]). How this exonuclease activity affects DNA replication through chromatin is unknown.

As expected, the rates and processivities of 603 DNA replication by the exo^+^ and exo^−^ T7 replisome are comparable (compare the data in [Figs. 1B](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). However, exonuclease activity significantly affects the rate and efficiency of replication through the nucleosome ([Fig. 2A](#F2){ref-type="fig"}). The yields of full-length products were 12 and 22% after replication by the exo^−^ and exo^+^ T7 replisome, respectively, suggesting that exonuclease activity facilitates replication through chromatin.

![Exonuclease activity increases the efficiency of replication through the nucleosome.\
(**A**) Analysis of labeled products after replication of 603 DNA or nucleosomal templates by the exo^−^ T7 replisome for different time intervals (0, 2, 5, 10, 30, 60, 120, 240, and 480 s) by denaturing PAGE. Note the \~10-bp periodic pausing pattern (indicated by black dots; also see fig. S3) detected after replication for short time periods that is not present after replication by the exo^+^ T7 replisome ([Fig. 1B](#F1){ref-type="fig"}). (**B**) Proposed mechanism explaining the 10-bp periodic nucleosomal pausing patterns. It is proposed that discrete 10-bp DNA regions of nucleosomal DNA are uncoiled from the octamer stepwise, after the T7 replisome encounters DNA-histone interactions. As the T7 replisome proceeds along uncoiled DNA (complex 1), it arrests after encountering DNA-histone interactions (complex 2) and possible backtracking (complex 3). When the replisome is backtracked, the DNA may also recoil to bind back to the octamer, which leads to peeling of the primer end from the template, resulting in a more stable arrest. To proceed further, DNA has to be uncoiled from the octamer (complex 4) and the replisome has to recover from the backtracked state. The recovery is likely facilitated by the exonuclease activity that can excise the peeled primer end and regenerate the functionally active, fully annealed primer template. The exo^−^ enzyme must wait for DNA uncoiling to move forward, resulting in a lower efficiency and 10-bp periodicity of replication through chromatin. Nucleosomal DNA and histone octamer are shown in blue and green. DNA polymerase is in gray. The arrow indicates the direction of replisome progression. (**C**) The expected efficiency of arrest of exo^−^ and exo^+^ replisomes (red and green lines, respectively) in a nucleosome.](1601865-F2){#F2}

The nucleosomal pausing pattern also strongly depends on the presence of exonuclease activity of T7 DNAP (compare [Figs. 1B](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). After replication for a short time (less than 30 s), the pausing pattern has 10-bp periodicity during replication by the exo^−^, but not the exo+, replisome. At the later time points, the pausing patterns are also different (see [Fig. 3A](#F3){ref-type="fig"} and fig. S3 for the side-by-side comparison). Because spontaneous DNA uncoiling likely occurs in 10-bp intervals ([Fig. 2B](#F2){ref-type="fig"}), 10-bp periodicity is expected to be more pronounced for the polymerases that are more easily stalled or arrested. Such stalled or arrested states can be produced from nucleosome recoiling and from relocating the newly synthesized primer end from the template, which would prevent the next nucleotide binding and forward motion ([Fig. 2B](#F2){ref-type="fig"}). We propose the idea that the 10-bp periodic pattern is related to the production of these states, which also decreases the yield of runoff products (see Discussion and [Fig. 2C](#F2){ref-type="fig"}). The pausing patterns characteristic of later time points during replication through the nucleosome are more similar between the exo^+^ and exo^−^ replisomes, suggesting that here, the enzymes encounter very strong nucleosomal barriers where exonuclease activity is less helpful. In summary, the exonuclease activity of T7 DNAP suppresses the formation of the 10-bp periodic pattern, facilitating progression of the replisome through chromatin.

![Kinetic analysis of replication through a nucleosome by exo^+^ and exo^−^ replisomes.\
(**A**) 603 nucleosomes were replicated by exo^+^ and exo^−^ replisomes for indicated time intervals. End-labeled DNA was analyzed by denaturing PAGE. The intranucleosomal pauses and runoff (from A to G) were quantified using a Phosphorimager and the OptiQuant software. (**B**) The quantified data were analyzed using an elongation model that produces a good fit of the experimental data to the calculated curves (fig. S4). The fitting curves (fig. S4) and kinetic parameters were obtained using the KinTek Explorer software. All rate constants were averages from three independent experiments. Rate constants that are more than threefold different between the two forms of DNAPs are marked by green and red colors (for positive and negative effects on processivity of the exo^+^ replisome, respectively). Note that the exo^+^ replisome has a higher overall rate of replication through the nucleosome than exo^−^; the rates of replication through the +(31--40) and +(41--65) regions have the largest differences.](1601865-F3){#F3}

To evaluate the effect of exonuclease activity on different steps during chromatin replication, we analyzed the time courses of replication through the nucleosome by exo^+^ and exo^−^ replisomes ([Fig. 3A](#F3){ref-type="fig"}). The paused DNA intermediates were quantified, grouped into species from *A* to *F*, plotted against time, and fitted to a sequential multistep model ([Fig. 3B](#F3){ref-type="fig"}), which was previously developed for transcribed chromatin ([@R43]), where *A* is the starting species and *G* is the runoff species, using the KinTek Explorer software ([@R44]). A good fit of the entire set to the sequential model (fig. S4) was obtained only when we included nonproductive complexes from each intermediate (*A*′ to *F*′; [Fig. 3B](#F3){ref-type="fig"}) and reversible steps for the formation of nonproductive complexes at each step during elongation. Kinetic parameters for the major steps during nucleosome replication by the two different enzymes were obtained and compared ([Fig. 3B](#F3){ref-type="fig"}). For both exo^−^ and exo^+^ RCs, the main parts of the nucleosomal barrier to replication \[pausing at the +(31--40) and +(41--65) regions\] are dictated by the rates of transition from the productive *D* complex to the nonproductive complex *D*′ and by the rate of transition between the *E* and *F* complexes, respectively.

Consistent with the overall higher efficiency of replication, the exo^+^ enzyme has a higher forward rate than the exo^−^ replisome during several steps of replication through the nucleosome ([Fig. 3B](#F3){ref-type="fig"}). This forward rate is a net rate that includes several nucleotide incorporation steps and all corresponding pauses. In particular, the data suggest that the exonuclease activity is critical for replication through the +(31--40) and +(41--65) regions of the nucleosome. First, the net forward rate of the *C*-to-*D* transition is about fourfold higher in the case of the exo^+^ replisome. The lower rate of *D*-to-*D*′ and the higher rate of *D*-to-*E* transitions for the exo^+^ enzyme are also observed in this region, consistent with less efficient pausing of the exo^+^ replisome in the +(31--40) region (region *D*). Second, the net rate of the *D*-to-*E* transition is about four orders of magnitude higher than the rate of the *E*-to-*F* step in both reactions, suggesting that the critical step is replication through the +(41--65) region (region *E*) of the nucleosome. The exo^+^ enzyme progresses through the +(41--65) region with a net rate about fourfold faster than that of the exo^−^ replisome. Third, the rate of the *B*-to-*B*′ transition is about threefold lower in the exo^+^ reaction than in the exo^−^ reaction, indicating that the inactive complexes at this region are formed less efficiently by the exo^+^ replisome.

In summary, the analysis of the kinetics ([Fig. 3B](#F3){ref-type="fig"}) is consistent with our hypothesis ([Fig. 2B](#F2){ref-type="fig"}), stating that the main effect of exonuclease activity is to promote efficient bypass through certain positions in the nucleosome. In the absence of this activity, the replisome is more likely to be arrested in the nucleosome. The critical intermediates (nonproductive and productive complexes) that dictate the +(31--40) and +(41--65) nucleosomal barriers to replication through a nucleosome by the T7 replisome have been identified.

Nucleosomes survive at the original positions on the DNA after replication
--------------------------------------------------------------------------

To determine the nucleosome fate after replication, we compared the expected and experimentally observed products of the reaction ([Fig. 4](#F4){ref-type="fig"}). Most of the histone-free DNA templates were replicated to completion after 5 s ([Fig. 1B](#F1){ref-type="fig"}), resulting in the accumulation of end-labeled full-length, double-stranded 603 DNA. Three main complexes were obtained after replication through the nucleosome: arrested RCs with low, heterogeneous mobility in the gel, nucleosomes, and dsDNA ([Fig. 4](#F4){ref-type="fig"}, A and B). Nucleosomes and dsDNA were identified by comparing their mobility in the gel with the mobility of the corresponding purified species. The identity of nucleosomes was further verified by a restriction enzyme sensitivity assay (see below). Nucleosomes corresponded to \~45 and \~65% of the replication products in the case of the exo^+^ and exo^−^ T7 replisome, respectively ([Fig. 4B](#F4){ref-type="fig"}). This ratio is close to 50%, suggesting that \~50% of the histones segregated to the second DNA strand (unlabeled and invisible in the assay) or dissociated into solution. Mobility of nucleosomes in the native gel depends on their positioning within a given DNA fragment ([@R45], [@R46]). Because mobility of nucleosomes after replication and of end-positioned nucleosomes assembled on the dsDNA is similar ([Fig. 4B](#F4){ref-type="fig"}), nucleosomes either remain at the original locations or are translocated to the other end of the DNA fragment. To discriminate between these possibilities, we incubated the nucleosomes in the presence of different restriction enzymes that have single sites at different positions on the DNA fragment ([Fig. 5A](#F5){ref-type="fig"}) either before or after gel purification (from the Nu band in [Fig. 4B](#F4){ref-type="fig"}). Replicated nucleosomes and dsDNA were completely digested by Bss SI or Msl I enzymes, which have single sites beyond the 603 NPS. In contrast, nucleosomal templates were not sensitive to Cac8 I or Cla I, although histone-free DNA was readily digested by the enzymes ([Fig. 5B](#F5){ref-type="fig"}). The data suggest that the Cac8 I or Cla I site (localized within the 603 NPS) is protected by the positioned nucleosomes, and this nucleosome positioning is minimally affected by DNA replication. Similar results were obtained after replication with exo^−^ T7 replisome enzymes without gel purification of nucleosomes (fig. S5). However, nucleosomes formed after replication with the exo^+^ replisome were sensitive to all restriction enzymes, suggesting that they have an alternative conformation, which relaxes into the canonical structure after gel purification. Because mobility of nucleosomes after replication in the native gel is somewhat heterogeneous, a possibility of nucleosome translocation over a short distance (up to 30 bp) cannot be excluded.

![Nucleosomes survive after replication by the T7 replisome.\
(**A**) The diagram shows mobility of the substrates and the products of replication in native gel. The nucleosome is shown as blue, and DNAP are shown as pink ovals. The labeled DNA end is indicated by a black circle. M, pBR322--Msp I digest. (**B**) Analysis of labeled templates after replication by the exo^+^/^−^ T7 replisome of the 603 DNA or nucleosome for 240 s by native PAGE. Some RCs are stalled in the nucleosome. The nucleosomes (N) assembled on the 307-bp dsDNA (D) are the expected replication products (RP). Marker is pBR322--Msp I digest. Nucleosomes correspond to \~45 and \~65% of the replication product (average of three experiments) in the case of the exo^+^ and exo^−^ T7 replisome, respectively.](1601865-F4){#F4}

![Nucleosomes remain at the original position on the DNA after replication by the exo^+^ T7 replisome.\
(**A**) Positions of sites for restriction enzymes on the nucleosomal template. (**B**) Analysis of nucleosome fate using restriction enzyme sensitivity assay (B, Bss SI; M, Msl I; Ca, Cac8 I; Cl: Cla I). The PAGE-purified nucleosomes after replication, 307-bp dsDNA, and the nucleosomes assembled on the 307-bp dsDNA were incubated in the presence of an excess of indicated restriction enzymes and analyzed by native PAGE. DNA fragment resistant to digestion by Cla I (likely due to dissociation of nucleosomal DNA, resistant to the enzyme, during the electrophoresis) is indicated by asterisks.](1601865-F5){#F5}

To evaluate a possibility that histones are transiently displaced and rebound at the original positions on DNA after replication, we added a mixture of histone H2A/H2B dimers and H3/H4 tetramers to the DNA before replication. Analysis of the replication products by native PAGE revealed that no nucleosomes were formed after DNA replication (fig. S6). This result suggests that histones cannot be completely displaced from the DNA during replication under our experimental conditions.

In summary, the data suggest that at least 50% of the histone octamer complexes segregate as single units to the dsDNA formed after replication, and a considerable fraction of the remaining histones is associated with the single-stranded DNA. Histones never completely leave DNA during replication, further supporting the proposal about the formation of an intermediate containing an intranucleosomal DNA loop during replication (see Discussion). Nucleosomes that survive replication remain at nearly original positions on the DNA, although they assume an alternative, less stable conformation after replication by the exo^+^ replisome.

The length of DNA upstream of the nucleosome modulates the efficiency of replication
------------------------------------------------------------------------------------

A 600 to 1000--bp, partially nucleosome-depleted DNA region upstream of the replisome was observed in vivo ([@R10]). To investigate the possible role of the nucleosome-free DNA in the replication through chromatin, we performed replication using templates that have linker DNA between the fork and the 603 nucleosome of different lengths---136, 279, or 479 bp ([Fig. 6A](#F6){ref-type="fig"}). The efficiency of overcoming the nucleosomal barrier is increased nearly twofold as the length of the linker DNA is increased to 479 bp, reaching \~50% of overall efficiency of DNA replication ([Fig. 6B](#F6){ref-type="fig"}). A comparable (\~2-fold) increase in the efficiency of replication through the nucleosome was detected using the exo^−^ enzyme ([Fig. 6C](#F6){ref-type="fig"}).

![The length of the spacer DNA dictates the efficiency of replication through the nucleosome.\
(**A**) Design of the templates containing linker DNA between the replication fork and the nucleosome of different lengths. (**B** and **C**) Efficiency of replication of nucleosomal templates is directly proportional to the length of the linker DNA. The templates of different lengths were replicated by the exo^+^ (B) or exo^−^ (C) T7 replisome for 8 min, as described in [Fig. 1](#F1){ref-type="fig"}. Runoff products of replication by the T7 replisome of the nucleosome templates were quantified after separation by denaturing PAGE and normalized to the amount of runoff products detected after replication of the DNA templates. The fraction of all RCs capable of overcoming the nucleosomal barrier is shown. Average values from three (B) or two experiments (C) with SDs are shown.](1601865-F6){#F6}

How can the length of linker DNA affect progression of the replisome through chromatin? The presence of DNA could induce either displacement or translocation of nucleosomes. In a mechanistically similar experimental system (with mononucleosomes transcribed by Pol II), the presence of upstream DNA longer than 150 bp induced backward nucleosome translocation ([@R47]). The histone octamer surface that becomes partially exposed during replication through the nucleosome could be captured by DNA that is present in close proximity. The presence of longer, more flexible DNA behind the replisome resulted in an increase of the local DNA concentration in the vicinity of the exposed octamer surface, resulting in a more efficient nucleosome translocation. Thus, longer linker DNA functions as a more efficient competitor for the histone octamer during replication, increasing the efficiency of nucleosome translocation. The lower nucleosome barrier on longer templates was likely observed because of more efficient nucleosome translocation during the replication, clearing the path for the moving replisome.

In summary, the data indicate that the presence of extensive regions of histone-free DNA upstream of replicated chromatin results in more efficient overcoming of the nucleosomal barrier by the replisome, most likely due to more efficient nucleosome translocation during the replication.

DISCUSSION
==========

We have established a new experimental system assembled from highly purified proteins and DNA-protein complexes, including structurally defined templates for analysis of the mechanism of DNA replication in chromatin ([Fig. 1A](#F1){ref-type="fig"}). This experimental system recapitulates important properties of replicated chromatin observed in vivo---nucleosome survival and histone survival after the replication. With this system, it has been shown that nucleosomes present a strong, DNA sequence--dependent barrier for moving replisomes ([Figs. 1](#F1){ref-type="fig"} to [3](#F3){ref-type="fig"}). The sequence dependence of the nucleosomal barrier indicates that replisomes and RNA polymerase II use similar mechanisms of progression through chromatin, likely involving formation of a transient intranucleosomal DNA loop ([@R36]). Nucleosomes survive during replication at the original position on the dsDNA ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Exonuclease activity of T7 DNAP increases processivity and the overall rate of progression of the replisome through chromatin, most likely by resolving nonproductive DNA-protein states to functionally active states of the replisome ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The presence of histone-free DNA upstream of the replication fork facilitates replication through chromatin ([Fig. 6](#F6){ref-type="fig"}), likely due to the more efficient nucleosome translocation during replication.

Comparison of the mechanism of replication through chromatin with other related, well-studied processes (for example, transcription through chromatin by Pol II-- and Pol III--type mechanisms) suggests that chromatin replication is a unique process. The overall height and sequence dependence of the nucleosomal barrier to replication ([Fig. 1B](#F1){ref-type="fig"} and fig. S2) as well as the fate of nucleosomes after replication ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}) are more similar to the Pol II--type mechanism ([@R33], [@R37]), suggesting that the general features of the Pol II--type mechanism are likely applicable in the case of chromatin replication. Transcription through chromatin using the Pol II--type mechanism involves the formation of an extremely small intranucleosomal DNA loop (Ø-loop) that contains transcribing Pol II, which mediates nucleosome survival ([@R33]). A similar intermediate likely mediates nucleosome survival during DNA replication. However, the size of the intranucleosomal DNA loop is likely to be larger by 10 to 30 bp to accommodate a different structure of the replisome. As a result, the original nucleosome positioning is likely changed during replication by 10 to 30 bp (see Results).

At the same time, Pol II transcription through a nucleosome shows strongly diminished pausing after position +50 ([@R33], [@R36]), which contrasts the pausing characteristics of the T7 replisome that shows extended pausing up to the +65 region of the nucleosomal DNA ([Fig. 1B](#F1){ref-type="fig"} and fig. S2). The earlier release of Pol II--specific pausing likely occurs because of the displacement of the promoter-distal H2A/H2B dimer ([@R6], [@R33]), and the absence of this early release of pausing during replication could mean that the dimer remains associated with the nucleosome after replication, as was observed during transcription by SP6 and T7 RNA polymerases ([@R34], [@R36], [@R41]). In agreement with this proposal, no discrete bands corresponding to hexasomes \[nucleosomes missing the H2A/H2B dimer ([@R37])\] were observed after replication ([Fig. 4B](#F4){ref-type="fig"}). However, because of the heterogeneity of nucleosome mobility after replication, we cannot entirely exclude the possibility that some of the complexes are subnucleosomes missing one or both H2A/H2B dimer(s).

The different nucleosomal pausing patterns ([Fig. 3A](#F3){ref-type="fig"}) and slightly different efficiencies of nucleosome survival ([Fig. 4B](#F4){ref-type="fig"}) characteristic of exo^+^ or exo^−^ RCs (45 and 65% of the templates, respectively) indicate that exonuclease activity could play an important role during replication through chromatin, helping to resolve the backtracked intermediates and supporting more efficient replication ([Fig. 3B](#F3){ref-type="fig"}). Exo^+^ polymerases are more processive than exo^−^ polymerases ([@R48], [@R49]). Together, the data suggest the following model for the mechanism of DNA replication in chromatin in vitro (fig. S7). When the replisome enters into the nucleosome, DNA is partially uncoiled from the octamer (fig. S7, complex 1). The T7 replisome pauses and backtracks at several positions within the nucleosome (fig. S7, complexes 2 and 2′). DNAP containing exonuclease activity can cut the peeled primer end and convert the backtracked state into a productive state (fig. S7, complex 2). The different efficiencies of progression of exo^+^ and exo^−^ enzymes through the nucleosome result in the formation of slightly different intranucleosomal DNA loops (smaller or larger, complexes 3 and 3′, respectively; fig. S7) and likely dictate either nucleosome survival or backward nucleosome translocation after replication. Longer upstream DNA adjacent to the replisome dictates an increased probability of formation of the intermediate with a larger DNA loop (fig. S7, complex 3′) and therefore results in a more efficient nucleosome translocation after replication. Similarly, it has been shown that the size of the intranucleosomal DNA loop dictates the nucleosome fate during transcription by different RNA polymerases ([@R34]).

In agreement with the previous study using a highly purified T4 replisome ([@R17]), we also observed strong nucleosome barriers to the replisome and nucleosome survival during replication. Our defined system also allowed mapping and analysis of the nucleosomal pausing patterns and identification of the critical intermediates, allowing us to propose a detailed mechanism of T7 replisome traversal of a nucleosome (see below). In the previously described purified system, it was technically difficult to track positions of individual nucleosomes after replication ([@R17]). Our results suggest that in the absence of an intramolecular competitor DNA, a large fraction of nucleosomes (at least 50%) survives after replication at the original positions on DNA.

Overall, our data identify three pathways for the reassembly of chromatin during/after replication in vivo ([Fig. 7](#F7){ref-type="fig"}), where nucleosome density behind the replication fork is transiently decreased over 600 to 1000 bp ([@R10]). Some nucleosomes will likely be translocated as a complete unit to the histone-free DNA, and some nucleosomes will survive intact at nearly original positions. As a result, nucleosomes and perhaps some subnucleosomes will be equally distributed between the two arms of the replication fork ([Fig. 7](#F7){ref-type="fig"}, pathways 1 and 2), and at least some of them will remain at the locations that are close to the original nucleosome positions ([Fig. 7](#F7){ref-type="fig"}, pathway 1). Histones are also assembled on the DNA de novo after replication ([Fig. 7](#F7){ref-type="fig"}, pathway 3). Consistently, it has been shown that two types of nucleosome-like structures, possibly octamers and tetramers, are detected on the daughter DNA strand ([@R10]). In yeast, the parental nucleosomes after replication are localized close (within 400 bp) to their original positions ([@R11]). Moreover, parental (H3-H4)~2~ tetramers mostly equally segregate to the genomes of the daughter cells as single units ([@R16]). Parental histones are associated with nascent chromatin immediately after replication in the absence of protein synthesis in human cells ([@R50]). The histone chaperone FACT (facilitates chromatin transcription) complex is recruited to the replisome complex during replication and has a possible function in histone segregation ([@R51], [@R52]).

![Proposed model of chromatin reassembly during or after replication.\
The original histones are nearly quantitatively recovered on leading strand (after survival and translocation) and lagging strand (after translocation). Three pathways of nucleosome reformation after replication are proposed: (i) original histone octamers survive at the original positions on DNA, (ii) original histone octamers are transferred within the 400-bp region upstream of the replisome, or (iii) de novo histone assembly after replication.](1601865-F7){#F7}

The spreading model has been proposed in the past to explain the inheritance of epigenetic markers located on histones ([@R5], [@R53]). Parental histones H3-H4 that carry most of the epigenetic and regulatory marks are semiconservatively distributed on the daughter DNA strands and serve as templates for enzymes (writers) to modify newly synthesized histones on the adjacent chromatin regions ([@R54]). For example, the PRC2 (polycomb repressive complex 2) could bind H3K27 trimethylated nucleosomes and catalyze H3K27me3 at adjacent nucleosomes. These modifications can be symmetrically or asymmetrically distributed in one nucleosome after replication ([@R55], [@R56]). Most of the canonical (H3-H4)~2~ tetramers segregate to daughter genomes as one unit ([@R16]). Our data are consistent with these observations and suggest that (H3-H4)~2~ tetramer survival occurs through the pathways 1 and 2 ([Fig. 7](#F7){ref-type="fig"}). According to our model, nucleosomes having parental histones are assembled next to nucleosomes containing new histones; then, the "old" histones could serve as templates for writers of histone modifications that, in turn, will spread the histone modifications in cis after replication. Thus, our model is consistent with the spreading model for epigenetic inheritance and suggests a particular mechanism that mediates the inheritance of histone-associated epigenetic markers.

MATERIALS AND METHODS
=====================

Protein purification
--------------------

Exo^--^ T7 gp5 (D5A and E7A) and T7 helicase (T7 gp4A′) were purified as described ([@R24], [@R29], [@R57]). Trx was obtained from Sigma. T7 gp5 was purchased from New England Biolabs. Purification of -H1 chicken erythrocyte chromatin was conducted as previously described ([@R45]).

DNA templates, replication fork construction, and nucleosome reconstitution
---------------------------------------------------------------------------

Primers to assemble the fork structure template were modified from the study of Pandey *et al*. ([@R24]). The fork was obtained by annealing of two long overlapping oligonucleotides (90 and 100 bp) that contain a nonpairing fork structure. 603 and 601 NPS templates were prepared as described before ([@R36], [@R58]). In summary, NPS templates were amplified by polymerase chain reaction (PCR) and purified by gel electrophoresis using a gel extraction kit (Omega BioTek). Nucleosomes were reconstituted on the DNA templates as previously described ([@R59]). In summary, NPS templates were mixed with purified chicken erythrocyte H2A/H2B dimers and H3/H4 tetramers at a 1:1.8:1.2 molar ratio in the presence of salmon testes DNA (present in threefold weight excess over NPS templates) in the following buffer: 2 M NaCl, 10 mM tris-HCl (pH 7.4), 0.1% NP-40, and 0.2 mM EDTA (pH 8). The DNA/histone mixtures were then dialyzed against buffers containing 10 mM tris-HCl (pH 7.4), 0.1% NP-40, and 0.2 mM EDTA (pH 8), and progressively decreasing (2, 1.5, 1, 0.75, 0.5 M, and 10 mM) NaCl at 4°C, at each step for 2 hours.

The fork DNA and NPS templates (DNA or mononucleosomes) were ligated at the Tsp RI (New England Biolabs) restriction site by T4 DNA Ligase (Promega). After ligation, the 24-mer DNA primer was annealed to the 3′ terminus of the leading strand. The control 307-bp dsDNA fragment for restriction enzyme mapping and DNase I footprinting was PCR-amplified using the template (the fork ligated to 603 NPS) ([@R58]) and primers (24-mer DNA primer and reverse primer of 603 NPS). All DNA sequences and templates are described in table S1.

Replication assay and nucleosome fate
-------------------------------------

T7 DNAP was first incubated with trx (Sigma) at a 1:5 molar ratio to form a 1:1 complex in T7 replication buffer \[50 mM tris-HCl (pH 7.5), 40 mM KCl, and 5 mM dithiothreitol (DTT)\]. Trx-activated T7 DNAP (twofold molar excess to total DNA) and helicase (sixfold molar excess to DNAP as a hexamer) were sequentially incubated with templates (DNA or nucleosomes containing fork structure) in T7 replication buffer with 2 mM EDTA, 1 mM DTT, bovine serum albumin (BSA; 0.1 mg/ml), and 0.2 mM dNTPs at 4°C for 30 min. Replication reaction was started by the addition of 10 mM MgCl~2~ at 20°C and then stopped after different time periods (2 to 480 s) by the addition of EDTA to the final concentration of 300 mM. After the replication reaction, the DNA products were purified and then analyzed using either denaturing or native PAGE. For analysis of nucleosome fate, replication was conducted for 240 s. The data were quantified using the ImageQuant software.

PAGE purification of nucleosomes
--------------------------------

The in vitro replication was performed as described above. After 4 min of replication, different complexes were separated using native PAGE (5.4%, 39:1 acrylamide/bis-PAGE, 0.5× tris-borate EDTA buffer) at 4°C. Gel regions containing nucleosomes were cut, fragmented, and incubated in equal volume of the buffer containing 10 mM Hepes-NaOH (pH 8.0), 0.2 mM EDTA-NaOH (pH 8.0), and BSA (0.2 mg/ml) for \~16 hours at 4°C. The samples were centrifuged at 3000*g*, 4°C for 3 min, and the supernatant was collected and concentrated on an Amicon Ultra-10K.

Restriction enzyme mapping
--------------------------

Nucleosome products were PAGE-purified after replication as described above. PAGE-purified replicated nucleosomes, control dsDNA, and end-positioned nucleosomes were incubated in the presence of an excess of Bss SI, Msl I, Cac8 I, or Cla I restriction enzyme (New England Biolabs) for 30 min at 20°C before or after gel purification. Labeled DNA templates were then analyzed by native PAGE.

Kinetic analysis and rate constants determination
-------------------------------------------------

Data from time-course experiments were computationally fitted to the kinetic model using the KinTek Explorer software ([@R24], [@R43]). All parameters were obtained after the simulation. Average rate constants and SDs were obtained from three experiments.
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fig. S1. Helicase activity is essential for processive replication by the T7 replisome.

fig. S2. Strong nucleosomal barrier affects the processivity of the T7 replisome.

fig. S3. Analysis of the nucleosomal pausing patterns formed during replication by exo^+^ and exo^−^ replisomes.

fig. S4. Analysis of time courses of replication through chromatin by the exo^+^ (A) or exo^−^ replisome (B) using the KinTek Explorer software.

fig. S5. Mapping of nucleosome positions after replication by the T7 replisome using restriction enzyme sensitivity assay.

fig. S6. Nucleosomes are not formed de novo during or after T7 replication.

fig. S7. Proposed role for exonuclease activity during replication through a nucleosome.

table S1. Sequences of oligonucleotides and DNA templates.
